Introduction
The electrical resistance method is widely used for monitoring wood drying since the method is economical and reliable (Tronstad et al., 2001; Onysko et al., 2008) . However, the method is defi cient due to the fact that above fi bre saturation point (FSP) measuring accuracy is insuffi cient and starts decreasing correspondingly to the increasing wood moisture content (Edwards, 1974; James, 1993; Vermaas, 2002) . The decrease in measuring accuracy can also be described quantitatively, with the 2S-value (Rozema, 2010; or by statistical modelling (Tamme et al., 2013) . Insuffi cient measuring accuracy above FSP may also reduce the accuracy of effective diffusion coeffi cient monitoring in the process of wood drying (Tamme et al., 2010 (Tamme et al., , 2011 .
In the measurement of wood direct current (DC) resistance, the following factors are important : (a) electrical resistance of the galvanic contact between the measuring electrode and wood, (b) corrosion of measuring electrodes in wet wood, (c) polarization and depolarization of the double layer forming on the surface of the measuring electrodes and of the polar molecules of wood itself, (d) residual polarization voltage between measuring electrodes, and lastly, (e) effect of repeated application (repeated measurements) of mea suring electrodes.
(a) electrical resistance of the galvanic contact between the measuring electrode and wood. The main empirical relationships and definitions of DC have been presented in studies by Norberg (1999) , Stamm (1927) and Straube et al. (2002) and modifi ed in the study by .
(b) Corrosion of measuring electrodes in wet (MC above FSP) wood.
According to Eco Chemie (2013) "The corrosion of iron [measuring electrodes] to form rust proceeds according to the overall reaction: 2 (1)
Fe + H O + O -> Fe(OH)
This reaction includes the dissolution of iron, the reduction of oxygen and formation of rust: The corrosion of measuring electrodes in wet wood may be described by the ButlerVolmer equation (Ecochemie, 2013) : 
where η= E -E corr (6)"
The Tafel constants b a and b c in the ButlerVolmer equation and corrosion current i corr are usually determined in alternate current (AC) mode with an electrical impedance spectrometer (EIS). Metal corrosion in wood has been examined by the electrical impedance spectrometry (EIS) method in the research by Zelinka & Rammer (2006) . For measuring wood MC in DC mode and above FSP, the research by gives a qualitative description of the corrosion of measuring electrodes for a measurement system with four electrodes. It was offered using the measurement system with four electrodes as an indicator of the corrosion of measuring electrodes. The intersection of wood MC monitoring graphs as a characteristic feature of the corrosion of measuring electrodes is presented also by Lazarescu et al. (2010) (see Figure 9 ) which also applied the measurement system with four electrodes.
(c) polarization and depolarization of the double layer forming on the surface of the measuring electrodes (Zelinka et al., 2007; Eco Chemie, 2013) and of the polar molecules of wood itself. In measuring wood electrical resistance, electrical voltage (difference between potentials) is applied to the measuring electrodes. The applied voltage generates an electrical fi eld between the electrodes in wood, causing the polar molecules of wood and water to orient toward the electrical fi eld and free charge carriers with different polarity to migrate. In addition, a double layer with a thickness of a few nanometers is formed on the surface of the electrodes (Eco Chemie, 2013) . To put it in simple terms, wood is electrically charging during the measuring cycle of electrical resistance. This is called the wood polarization phase or polarization process. The voltage applied to the measuring electrodes at the end of the electrical resistance measuring cycle is switched off and this marks the start of the discharging phase of the electrically charged wood, which is called the wood depolarization process. Both processes, polarization and depolarization, can be measured using relatively simple methodology in the experiment (Figure 1) . Using Ohm's law, the voltage drop Eco Chemie, 2013) 
When monitoring the potential the true potential lags the applied potential according to the following equation:
where R Ω is the Ohmic resistance, C dl is the double layer capacitance, and t is the time, at which the measurement is taken. For depolarization process, where E applied = 0, the potential lags according to the following equation:
where E 0 -potential at starting moment (t = 0) of the depolarization process. The study by obtained measurement results with intervals of 0.1 second and 1 second. Either the moment of applying voltage to the measuring electrodes (when measuring the polarization process) or switching off the voltage (when measuring the depolarization process) was chosen as the starting point (t = 0) of the measurements.
Assuming a pure RC circuit (see Figure  1 , test scheme) for the capacitor the ln(i) plot will give a straight line according to:
The multiplication RC of resistance and capacitance, which has a time dimension, is called the time factor τ (tau) of the charging-discharging process. In general, time factors are different in the charging and discharging process . Polarization and depolarization processes in wood have a complex physical background. James (1975) has named three classes of mechanisms to explain the dielectric properties of wood: (a) mechanisms with short relaxation times including electronic, atomic, and fast molecular polarizations; (b) mechanisms with intermediate relaxation times including slow molecular, fi xed dipole, and fast interfacial polarizations; and (c) mechanisms with long relaxation times including slow dipole and interfacial polarizations. James' analysis was based on different polarization times of molecules. The general description of dielectric polarization has been given in a course on theoretical physics (e.g. Savelyev, 1975 (Rozema, 2010; and the statistical modelling method (Tamme et al., 2013) . The last study quantitatively evaluated the progressive decrease in the measuring accuracy of some widely used wood moisture meters upon an increasing wood average moisture content from 30% up to 100% (above FSP). Two hypotheses were proposed for this research: 1. Hypothesis H1. It is possible to qualitatively describe the equivalent circuit of a resistance-type wood moisture sensor by making measurements and calculations (see Figure 1 ). 2. Hypothesis H2. The statistical model enables predicting wood average moisture content for a specifi c and accurately repeated drying schedule between wood moisture contents of 26% MC and 90% MC.
Material and Methods
Hypothesis H1 testing methodology Electrical resistance is determined for an equivalent circuit directly with a resistance meter, as described in the research by . If the applied working voltage is known, the current strength fl owing through wood can be calculated using Ohm's law. Another option is to measure the voltage applied to measuring electrodes and current strength fl owing through wood, and then calculate wood electrical resistance using Ohm's law. The sum of (different) electrical capacitances in the equivalent circuit is calculated using measurement results and empirical equations (12 and 13).
To examine wood polarization and depolarization processes on the same black alder specimen (20 o C, 96% RH) an experimental setup was used, the circuit diagram of which is given on Figure 1 . The Ahlborn 2.6 V DC voltmeter (type ZA9000FS3) with an input resistance of 10 MegaOhms was used in the experimental setup. As electrometers E 1 and E 2 the Keithley Model 6517B electrometer was used according to the positions of switches S 1 , S 2 and S 3 (Keithley, 2013) . The Keithley Model 6517B electrometer enables selecting between four measuring modes: voltage U, current I, resistance Ω, and charge Q.
Hypothesis H2 testing methodology
The testing method involves producing a statistical prediction model for a specifi c tree species and specimen dimensions, given drying schedule and average moisture content range of the specimen. The reliability of the model is assessed with tests on the normality of regression residuals and visually by using the probability paper. Model testing may be supported by the individual calibration method for pin electrodes, as seen in researches by and Lazarescu et al. (2010) . Details on model repeatability conditions (i.e. validation) have been analysed in the research by Tamme et al. (2013) .
The experiments made use of a black alder specimen with the dimensions of 500 x 120 x 35 mm (length x width x thickness), which was conditioned in the Feutron climatic chamber (Feutron, 2013) Table 1 ). The ends (120 x 35 mm) and sides (500 x 35 mm) of the specimen were coated with nitrocellulose lacquer to avoid water vaporisation. By adopting this measure, one-dimensional (1D) moisture distribution was ensured in the specimen.
The specimen had been sawn from the black alder log in a way that the length of the specimen was oriented along the grain, the width across the grain in tangential direction and the thickness across the grain in radial direction. The sawn specimen was located approximately 8 cm from the pith of the log.
The average air velocity in the conditioning phase (that is, the fi rst 72 hours and at 20 o C room temperature) was the natural convection air velocity in the chamber, whereas when drying according to the drying schedule, the average air velocity was 2 m s -1 . Wood electrical resistance measurements were conducted with one specimen in 80 different pin electrode insertion spots and at an equal measuring depth of 12 mm of the surface of the specimen (that is, 1/3 of the thickness of the specimen). Due to the short duration of measurements (not more than one minute in the spot of application of the electrodes), the effect of electrode corrosion was neglected.
The specimen was weighed on a scale (Mettler-Toledo, type PB3002-S/Fact, readability ± 0.01 g) (Mettler-Toledo, 2013) after each electrical resistance measurement. The specimen was oven-dried and weighed using the same Mettler-Toledo scale. The relative moisture content of the specimen according to dry mass was determined in compliance with the standard ISO 3130:1975. Based on dry weighing and electrical resistance measurement data a statistical regression model was later produced for the specimen dried according to a specifi c drying schedule. Tefl on insulated pin electrodes (ram-in electrodes M18) with a length of 40 mm manufactured by Gann (Gann, 2013) were used as measuring electrodes in the experiments. A resistance meter "Scanntronik Material Moisture Gigamodule" (Scanntronik, 2013) was used to measure wood electrical resistance. A Rotronic sensor (type Rotronic Hygro Clip-S, measuring range 0 -100%, precision at 23 o C ± 1.5%) (Rotronic, 2013) was used to check the drying air humidity and temperature. An Ahlborn air velocity sensor (type FVA935-TH4, measuring range 0 -2 m s -1 ) (Ahlborn, 2013) was used to check the velocity of drying air.
Results and Discussion
Hypothesis H1 testing results and discussion (a) Results of testing pine (Pinus sylvestris L.) sapwood. Measurement data in the research by (see Figure 4) were used to determine the polarization current in the polarization (or wood charging) process, the time dependence of which is given in Figure 2 . The polarization current of the pine sapwood specimen was determined at the average moisture content level of 146% and temperature of 20 o C. The polarization process of the specimen was examined in more detail for 20 seconds starting from the beginning of the process (that is, the initial phase of the polarization process). The observation period of 20 seconds was selected because the resistance meter Scanntronik (Scanntronic, 2013) uses a measuring cycle of the same duration. Since the theoretical equation (10) fails to approach a 20-second polarization process with suffi cient accuracy, the empirical equation
where τ 0 = 5.15 s and I 0 = 65.81 μA, was found to approach the process more accurately. Graphs showing the experimentally determined polarization current, the polarization current calculated with the theoretical equation (10) and the polarization current calculated with the empirical equation (12) are given in Figure 3 in the same scale. The dependence of the time factor τ = RC (see equations 10 and 12) of the polarization process on time is given in Figure 4 . The fi gure shows that the dependence of the time factor on the polarization time, from the starting moment, is practically linear (R-squared 0.99). Taking into account that polarization resistance had been experimentally determined by direct measurement, the time factor defi nition equation enables to determine also the dependence of the summarised electrical capacitance C of 146% MC pine sapwood and double layer of electrodes on time, which is shown in Figure 4 . Figure 3. Graphs of 146% MC pine sapwood showing the experimentally determined polarization current (I(μA)), the polarization current (Ipol(tt)) calculated with the theoretical equation (10) and the polarization current (Ipol(tau(t))) calculated with the empirical equation (12) Physical considerations make it obvious that neither polarization resistance R, polarization capacitance C nor the time factor τ (tau) can increase limitlessly; these quantities must approach asymptotically to a certain limit value or plateau. The research ) (see Figure 9 ) presents also pine sapwood depolarization process graphs at 20 o C. A more detailed analysis of the depolarization process at 146% MC (i.e. graph corresponding to MC1 in Figure 9 ) allowed to determine the empirical equation: (13) for 146% MC pine sapwood are given in the same scale in Figure 5 . Figure 6 shows the dependence of the time factor of the same depolarization process (the one in Figure 5 ) on time, which proved practically linear in the initial phase of the depolarization process. Physical considerations make it obvious that also the increase in the time factor of the depolarization process needs to slow down, and the time factor has to asymptotically approach a certain limit value or plateau. As depolarization current was not measured in the research , the summarised electrical capacitance C of wood and electrodes based on the found time factor unfortunately deemed impossible in the depolarization process. 
Joonis 5. Eksperimendist määratud depolarisatsiooni pinge U (-legend V(MC1)), teoreetilise valemiga arvutatud pinge (9a) (-legend Ucalc(tt)) ja empiirilise valemiga (13) arvutatud depolarisatsiooni pinged (-legend
Ucalc(t1)) 146% männi maltspuidu jaoks samas teljestikus. Linear (tau(t)) Figure 6 . Dependence of the depolarization time factor (shown in Figure 5 ) of 146% MC pine sapwood on time.
Joonis 6. 146% niiskussisaldusega männi maltspuidu depolarisatsiooni protsessi (vt. joonis 5.) ajateguri sõltuvus ajast.

(a) Results of testing black alder.
To examine wood polarization (electrical charging) and depolarization (electrical dis charging) processes and improve the measuring methodology a few experiments were carried out involving another tree species (black alder) at 90% MC and temperature of 20 o C. The general shape of the polarization-depolarization measuring cycle in the voltage graph for black alder is given in Figure 7 . The transition from the polarization phase to the depolarization phase shown in Figure 7 involves a voltage drop or the Ohmic drop which can be described with the equation (9). Figure 8 shows the dependence of polarization current on time, which was measured directly with the electrometer E 1 . Figure 9 shows the dependence of polarization resistance on time for black alder (90% MC and 20 o C). 
Joonis 7. 90% niiskussisaldusel ja temperatuuril 20 o C sanglepa puidu jaoks polarisatsiooni -depolarisatsiooni mõõtetsükli üldkuju pinge U teljestikus.
During the measurement switches S 1 and S 2 were closed and S 3 was in the off position (see Figure 1) . Figure 10 shows the two consecutive measurements of depolarization current and depolarization voltage, which are depicted in a single scale. During these measurements, switch S 1 was open and switches S 2 and S 3 were in the closed position. Based on the depolarization voltage and depolarization current measurement data, Figure 11 shows the dependence of black alder electrical resistance, calculated according to the Ohm's law, on time in the depolarization process. Figure 11 shows that the electrical resistance of the black alder specimen with 90% MC increases in the initial phase of the depolarization process but later approaches a certain value. In the fi nal phase of the process, current and voltage measurement errors also become major since choosing a more sensitive measuring area for the electrometer is not possible without interrupting the process. 
Some technical considerations regarding the methodology for measuring the processes of polarization and depolarization:
(a) Depolarization current and depolarization voltage should be measured simultaneously and in a similar magnitude to that of measuring instruments with input resistance. The logical solution would be to measure depolarization current indirectly, that is, use the electrometer E 2 in the charge Q measuring mode, and calculate depolarization current with the following equation:
Unfortunately the largest measuring range of the measuring mode of the charge of the electrometer E 2 used in the experiments proved too sensitive for the specifi c experiment. (b) The residual polarization voltage mentioned in the research occurred in the electrodes also in shortterm measurements where the infl uence of electrode corrosion may be disregarded. The more likely reason for residual polarization seems to be that electrical mobility is different for charge carriers of different polarity. The infl uence of residual polarization helped to signifi cantly reduce the correctly completed depolarization (wood discharging) process.
(c) Numerous repetitions of polarizationdepolarization cycles may result in reduced concentration of charge carriers (partial exhaustion of charge carriers) in the electrode gap. Exhaustion of charge carriers may result in greater wood electrical resistance values in later measurements than with the same moisture content and electrical measurements in the case of electrodes yet undisturbed or inserted in the given spot for the fi rst time. The abovementioned situation did not yet come about in two consecutive measurements; however, after six consecutive measurements an apparent rise occurred in black alder electrical resistance. Figure 12 shows a graph for individually calibrated needle electrodes for pine sapwood based on the data of the research . The parameters of this graph (regression line) are given in Table 2 . Individual calibration of pin electrodes may give satisfactory measuring accuracy also in wood MCs above FSP. A signifi cant defi ciency of the individual calibration method is, however, the need to carry out calibration (by the dry weighing method according to the standard ISO 3130:1975) in a new pin electrode insertion spot in wood every time and separately for each pair of electrodes, which, altogether, is a very labour-intensive procedure. As an alternative to individual calibration of pin electrodes, the so-called prediction (or average measurement result prognosis) method is used. The prediction method involves statistical modelling or regression analysis of the relationship between two or more parameters. In the case of regression analysis, it is recommended to verify the reliability of the received model with regression diagnostics methods. Figure 13 shows the regression curve received for the black alder specimen at 50 o C. The given regression model describes 95% of the variability (R-squared 0.95) of black alder wood electrical resistance (in units 10logR). In comparison, Figure 14 depicts the inverse regression curve received on the same conditions based on the average of 20 resistance meter readings for predicting the average moisture content of the black alder specimen. The reliability of the model has been verifi ed by the conformity of prognosis residuals to normal distribution: visually, with the Q-Q Table 2 shows that Rsquared of the regression model is considerably larger in the individual calibration model and the standard error considerably smaller than in the statistical model of the prediction method.
Hypothesis H2 testing results and discussion
Note: Has been selected as the null hypothesis in the Kolmogorov-Smirnov test and Shapiro-Wilk test, stating that the examined distribution is not normal distribution. If the signifi cance probability of the null hypothesis (p-value) is p > 0.05, the contrary hypothesis will apply. To compare the details (e.g. for examining the variability of coeffi cients of the Stamm equation (3), etc.) of the individual calibration method and prediction method of insulated pin electrodes, a comparative experiment should be carried out with a specimen with the same dimensions and of the same tree species (black alder) and according to the same drying schedule by the individual calibration method of pin electrodes.
Combining the prediction method with the individual calibration method of insulated pin electrodes enables to receive individual calibration of electrodes also for the average moisture content of the specimen in moisture contents above FSP.
In conclusion it may be suggested that both hypotheses (H1 and H2) proposed for this research have been confi rmed (validated) by results and discussion.
Conclusions
In addition to ordinary wood electrical resistance measurements, specifi c electrical measurements were carried out, as well. Real-time polarization resistance, polarization current, depolarization voltage and depolarization current were measured. The specifi c electrical measurements were performed at a temperature of 20 o C. This examined several side effects involved in using resistance type wood moisture sensors in wood moisture contents above FSP, such as wood charging and discharging (polarization and depolarization and residual polarization) in the process of measurements, phenomena related to repeated measurements in both a single electrode insertion spot and different insertion spots in the specimen. The experiments made use of specimens made of pine sapwood and black alder wood. The research presented approaching equations separately for the voltage and current of the polarization and depolarization process for the fi rst 20 seconds from the starting moment. Empirical equations were found for wood electrical resistance and electrical capacitance in the polarization process for describing the time dependence of these quantities in the initial phase of the process (within 20 seconds). The research also lists a few technical notes that need to be considered when repeating the experiments conducted in the research.
For black alder, possibilities for calibration of a resistance meter and resistance type electrodes into a wood moisture meter at 50 o C were explored. It was found that to improve the calibration accuracy of resistance type measuring electrodes, an additional individual calibration with regard to the average moisture content of the specimen may be carried out with the electrodes above FSP. Research results can be implemented in monitoring the wood drying process using resistance type wood moisture sensors in moisture contents above FSP, but also in determining the electrical resistance and electrical capacitance in growing trees.
Käesolevas töös uuriti takistus-tüüpi puidu niiskuse andurite kasutamisega puidu niiskussisaldustel üle kiu küllastuspunkti kaasnevaid mõjusid, nagu puidu elektriline laadumine (s.o. puidu polarisatsioon) ja tühjaks laadumine (s.o. puidu depolarisatsioon koos jääkpolarisatsiooniga) mõõt-miste protsessis. Veel uuriti selles töös prak tika seisukohalt olulisi korduvate mõõt mistega seotud nähtusi nii elektroodide ühes konkreetses paigalduskohas kui ka elektroodide erinevates paigalduskohtades katsekehal. Katsetes kasutati männi (Pinus sylvestris L.) maltspuidust ja musta lepa (Alnus glutinosa (L.) Gaertn.) puidust valmistatud katsekehasid. Töös esitati lä-hendusvalemid polarisatsiooni ja depolarisatsiooni protsessi pinge ja voolu jaoks esimese 20 sekundi jooksul alates stardimomendist. Polarisatsiooni protsessi jaoks leiti puidu elektritakistuse ja puidu elektrimahtuvuse empiirilised valemid nende suuruste ajalise sõltuvuse kirjeldamiseks protsessi algfaasis 20 sekundi jooksul. Töös on esitatud ka mõned tehnilised kaalutlused, mille arvesse võtmine on vajalik selles töös teostatud katsete kordamisel. Musta lepa jaoks uuriti temperatuuril 50 o C takistusmõõtja ja takistus-tüüpi elektroodide puidu niiskus mõõtjaks kalibreerimise võimalusi. Leiti, et takistus-tüüpi mõõte-elektroodide kalibreerimise täpsuse parandamiseks on puidu niiskussisaldustel üle kiu küllastuspunkti võimalik teha mõõte-elektroodidele täiendav individuaalne kalibreerimine katsekeha keskmise niiskussisalduse suhtes. Töös saadud tulemused on rakendatavad puidu kuivatuse protsessi monitooringul takistus-tüüpi puidu niiskuse andurite abil niiskussisaldustel üle kiu küllastuspunkti, samuti kasvavate puude elektriliste parameetrite määramisel.
